Polymeric nanoparticles have demonstrated high efficiency in the delivery of various drugs (*e.g.* chemotherapeutics, nucleic acids and antimicrobial drugs) and several of them are currently in the market, under clinical trials or still in the laboratory research stage undergoing rigorous *in vitro* and *in vivo* investigations[@b1][@b2][@b3][@b4]. Among the many challenges towards clinical utilization of these nanoparticulates, two significant barriers to overcome are induction of various adverse biological reactions (*i.e.* toxicity, hypersensitivity, thrombosis, immunomodulatory effects, *etc*.) and destabilization before reaching their target sites or tissues[@b5][@b6]. The construction of nanostructures from degradable precursors and shell/core crosslinking has been pursued as strategies to solve the problems of toxicity and limited stability, respectively. Designing degradable nanomaterials is currently receiving great impetus due to their ability to degrade after delivering their therapeutic cargoes. In addition, the degradation rate might be tuned *via* incorporating various functionalities to control the degradation and/or to respond to a particular enzyme or pH, and hence allowing for controlled or stimuli-responsive drug delivery applications[@b7][@b8]. Although it is well known that nanoparticle surface charge influences their toxicities, this study reveals a delicate balance between nanoparticle composition, surface charge and stability on their biological responses.

Interactions between nanoparticles and the various components of the immune system can result in immunomodulatory effects, hence, avoiding recognition by the immune system is a straightforward strategy to overcome nanoparticle-induced toxicity[@b9]. The structure, composition, shape and surface chemistries of nanomaterials dictate the type and extent of their interactions with the immune system components and thus the resulting immune response[@b9][@b10]. Evaluation of the immunotoxicity of nanomaterials, partially, by measuring the levels of cytokines, in particular the proinflammatory cytokines, can be a useful tool in evaluating nanoparticle immunotoxicity[@b9]. High levels of cytokines upon treatment with nanoparticles are usually associated with toxicity, adverse reactions and low therapeutic efficacy[@b9][@b11]. Crosslinking of one or more of the compartments of the polymeric nanomaterials forms robust structures that have lower tendency of dissociation and aggregation than their micellar analogs and also allows to control the release rates of cargos[@b12]. In addition, the presence of stabilizing crosslinks has been shown recently to induce lower toxicity and immunotoxicity, as compared to their micellar counterparts, eventually due to limiting the release of free polymeric units and reducing the interactions with the surrounding cells and biomacromolecules[@b13][@b14].

Rapid and efficient synthesis and construction of nanomaterials are major concerns for translation into clinically-viable products[@b15][@b16]. Recently, we have developed an efficient and rapid synthetic strategy to program a series of polyphosphoester (PPE)-based micelles with various surface charges[@b17][@b18]. In this study, the effects of shell-crosslinking and surface charges on the degradation rate, protein adsorption and toxicity profiles of the neutral, anionic, cationic and zwitterionic micelles were studied. PPE-micelles and crosslinked nanoparticles were constructed *via* a rapid and efficient strategy that yielded nanosized particles with narrow size distributions, and versatile structures and surface chemistries. These nanoparticles demonstrated remarkable safety profiles and, hence, they are expected to have broad implications in clinical nanomedicine as alternative vehicles to those involved in several of the currently available medications.

Results
=======

Polyphosphoester nanoparticles: self-assembly and shell crosslinking
--------------------------------------------------------------------

PPE-based nanoparticles with different surface charges and shell-crosslinking extents were constructed, and their degradation kinetics and immunotoxicities were studied. Recently, we have developed a synthetic strategy to program a series of diverse, functional micelles with various surface charges from reactive monomers, in which all three steps are rapid, quantitative and conducted under mild conditions[@b17][@b19]. The hydrophobic-functional AB diblock PPE, poly(2-ethylbutyl phospholane)-*block*-poly(butynyl phospholane) (PEBP-*b*-PBYP) was synthesized by an ultrafast (\<5 min) organocatalyzed ring-opening polymerization in a one-pot manner and was transformed into four amphiphilic diblock copolymers with different charges by "click" type thiol-yne reactions, which were then assembled into polymer micelles by direct dissolution into water[@b20]. In this study, those four types of polymeric micelles with different surface charges/functionalities, **1**--**4,** were constructed *via* self-assembly of non-ionic, anionic, cationic and zwitterionic diblock copolymers, and then the anionic, cationic and zwitterionic micelles (**2**--**4**) were further transformed through shell crosslinking reactions into stable shell-crosslinked knedel-like nanoparticles (SCKs, **5**--**7**), as shown in [Figure 1](#f1){ref-type="fig"}.

Four micelles were self-assembled from four amphiphilic diblock copolymers while three SCKs were constructed by shell crosslinking of the three charged micelles that possessed functionalities through which the crosslinking reactions could be performed. All four amphiphilic diblock PPEs were dissolved in nanopure water by sonication for 5 min and spontaneously formed spherical micelles, **1**, **2**, **3** and **4**, with narrow size distributions (see previous publication[@b17] for the characterization data). Three charged micelles were shell-crosslinked with different reagents *via* amidation reactions. To form the anionic SCKs, **5**, the carboxylic acid groups on the hydrophilic segment of diblock copolymer, which were located in shell domains of the anionic micelles, **2**, were activated by 1-\[3′-(dimethylamino)propyl\]-3-ethylcarbodiimide methiodide (EDCI) to react with the di-amine compound, 2,2′-(ethylenedioxy)bis(ethylamine). This same strategy was applied to the construction of cationic SCKs, **6**, by coupling of the di-acid compound, Bis-dPEG®2-acid with amino groups in the shell domains of the cationic micelles, **3**, facilitated by the addition of EDCI. Since the shell domain of the zwitterionic micelle, **4**, contained both amino groups and carboxylic acid groups, EDCI was used to activate their coupling without using additional reagents in the construction of the zwitterionic SCKs, **7**. Due to the unavailability of chemical functionalities in the shell domain of the non-ionic micelle, **1**, preparation of a shell-crosslinked form of the non-ionic nanoparticle was not feasible. After the nominal 30% shell-crosslinking, SCK solutions were purified by extensive dialysis against nanopure water in the cold room to remove small compounds.

The sizes and size distributions of the three SCKs were characterized by both transmission electron microscopy (TEM) and dynamic light scattering (DLS), as shown in [Figure 2](#f2){ref-type="fig"}. The circularly-shaped images observed by TEM suggested that these nanoparticles maintained micellar structure after the shell crosslinking. TEM images of **5**, **6**, and **7** showed uniform nanoparticles with average sizes of approximately 16, 16 and 23 nm, respectively ([Figures 2a, 2c, 2e](#f2){ref-type="fig"}). DLS results showed narrow and mono-modal size distributions of nanoparticles in all three SCKs. The number-averaged hydrodynamic diameters (D~h~(number)) of **5**, **6** and **7** were 16 ± 4 nm, 15 ± 3 nm and 23 ± 6 nm, respectively ([Figures 2b, 2d, 2f](#f2){ref-type="fig"}). The maintenance of the SCK dimensions with their corresponding micelles indicated that inter-particle crosslinking was not prevalent during the intra-particle crosslinking process. By shell-crosslinking, three charged micelles were transferred into three robust SCKs without changing their sizes or size distributions.

The zeta-potential values were measured for the four micelles and three SCKs in buffer solutions at pH 5.0 and pH 7.4 by Delsa Nano C particle analyzer ([Figure 3](#f3){ref-type="fig"}). The non-ionic micelle, **1**, had slightly negative zeta potentials of −12.2 mV at pH 7.4 and −18.0 mV at pH 5.0. The negative-charged nature of the anionic micelles, **2**, and anionic SCKs, **5**, was confirmed through zeta potential measurements. After the shell crosslinking, **5** maintained low zeta potentials, −34.7 mV at pH 7.4 and −28.4 mV at pH 5.0, which were slightly higher than those of **2** due to the partial consumption of carboxylic acid groups during the shell crosslinking process. Similarly, the cationic SCKs, **6**, sustained the positive zeta potentials at both pH 7.4 and pH 5.0, but to a lesser extent, as compared to the cationic micelles **3**, due to the consumption of some amino groups for the shell crosslinking. Since the shell crosslinking of zwitterionic micelles consumed both the carboxylic and amino groups, the resulting zwitterionic SCKs, **7**, had zeta potentials at both pH 7.4 and pH 5.0 that were similar to their micellar analogs **4**. The zeta potential measurements confirmed the expected surface charges and surface functionalities of the four micelles and three SCKs.

Effect of pH, surface chemistry and crosslinking on degradation profiles of PPE-nanoparticles
---------------------------------------------------------------------------------------------

PPE nanoparticles are attractive for biomedical applications mainly because of their biodegradability and chemical compositional versatility, which was expected to allow for tuning of their rates of degradation and the accommodation of drugs having various structures, solubilities and sizes. These nanoparticles undergo degradation either by spontaneous hydrolysis or in the presence of certain enzymes, due to the cleavage of their phosphodiester backbones and phosphoester side chains. Penczek and co-workers first investigated the hydrolytic degradation kinetics of poly(methyl ethylene phosphate) and poly(trimethylene phosphate) by direct titrimetric and NMR methods[@b21]. They found that the hydrolysis rates of the polymers were comparable to those of small molecule model compounds, and were strongly dependent on pH; increasing more than 100 times between acidic (pH = 1)/basic (pH = 13) and neutral (pH = 7) conditions. The results from several other groups also demonstrated that PPE-based nanoparticles[@b22][@b23][@b24] and hydrogels[@b25][@b26][@b27][@b28] were relatively stable in neutral conditions for dozens of days and up to several months, and accelerated degradations in acidic and basic conditions were noted, as monitored by gel permeation chromatography (GPC) and NMR spectroscopy. The hydrolytic degradation rates were controllable by adjusting the chemical structure in the backbone or side chain, for instance, amino group-containing cationic PPEs degraded at accelerated rates[@b29][@b30]. The hydrolytic degradation products exhibited good biocompatibility to several cell lines[@b24][@b26][@b27][@b28]. Since PPE nanoparticles share the structural similarity of some naturally-existing polymers (*e.g.* nucleic and teichoic acids), and phosphoester bonds are widely represented in living systems, researchers are actively looking for enzymes for the specific and accelerated degradation of PPE-based materials. Minor degradation of PPE nanoparticles was observed in the presence of *Pseudomonas* lipase for 24 h, after the degradation of the poly(ε-caprolactone) (PCL) segment of PCL-*b*-PPE copolymers, monitored by GPC[@b31][@b32]. Phosphoester-specific enzymes (*e.g.* alkaline phosphatase) were found to accelerate the degradation of PPE-based hydrogels at pH 9.0[@b33]. Phosphodiesterase I also promoted the degradation of PPE-based micelles/nanogels at pH 8.8[@b32][@b34], and expedited the release of drug encapsulated in the nanoparticles[@b35][@b36][@b37].

To investigate the hydrolytic degradation of PPE-based nanoparticles with different surface charges and shell-crosslinking extent under physiological conditions, we monitored the sizes and surface charges of nanoparticles during the degradation when incubated in pH 7.4 and pH 5.0 buffers at 37°C. Compared with literature reported degradation data, this study employed DLS and zeta potential analyses to monitor the changes in the overall nanoparticle structures and properties that were expected to influence their overall biological interactions, instead of using NMR and GPC to track the breakage of bonds. pH 7.4 stands for physiological environments, while pH 5.0 is a typical pH that is commonly utilized to study the behavior of nanoparticles to mimic the pH of endosomes/lysosomes and the acidic pH of tumor tissues.

The non-ionic micelle, **1**, had similar degradation profiles in pH 7.4 and pH 5.0 buffers, as shown in [Figure S1](#s1){ref-type="supplementary-material"}. Non-ionic micelles maintained their sizes at both pHs for about 4 weeks with a slight decrease of zeta potential values. The sizes of micelles became smaller, until reaching 3 nm and then became undetectable by DLS, while the charges of the micelles became more negative until −40 mV. This trend of becoming more negatively charged may be due to the simultaneous hydrolysis of phosphoester linkages in the main chain and the side chain that yielded negatively-charged phosphate groups.

Anionic micelles, **2**, and anionic SCKs, **5**, had different degradation profiles in terms of particle sizes, but maintained similar charges during the degradation study ([Figure S2](#s1){ref-type="supplementary-material"}). Both at pH 7.4 and pH 5.0 buffers, the zeta potentials of anionic micelles and anionic SCKs slowly dropped to around −45 mV over the period of 18 weeks. The anionic SCKs maintained their sizes for 10 weeks, and then became smaller to 3 nm until becoming undetectable by DLS. In contrast, the anionic micelles could maintain their sizes for only 4 weeks in pH 7.4 buffer and for 6 weeks at pH 5.0. This difference may result from crosslinking the shell domains of micelles, which formed structures of higher stability[@b7]. For both anionic micelles and SCKs, the sizes decreased more gradually in pH 5.0 buffer than in pH 7.4 buffer.

Cationic micelles, **3**, and cationic SCKs, **6**, degraded much faster than did the other nanoparticles. After 10 days of degradation, in both pH 5.0 and pH 7.4 buffers, no particles could be observed by TEM, and a signal was barely detected by DLS. The zeta potentials of both micelles and SCKs transitioned from positive to neutral, and finally reached a negative value of *ca.* −35 mV ([Figure S3](#s1){ref-type="supplementary-material"}). This trend may be due to the loss of cationic side groups upon hydrolysis. Both cationic micelles and cationic SCKs reached neutrality at pH 7.4 one day earlier than at pH 5.0. This difference may result from intramolecular attack of the phosphoester bonds by deprotonated amino groups. Hydrodynamic diameters of SCKs had a tendency of getting smaller until becoming undetectable by DLS, except for the formation of large aggregates at the isoelectric points, where zeta potentials were almost zero. For the degradation of micelles, large aggregates formed at the isoelectric points, but did not disappear until the late stage. This difference may be explained by cationic micelles undergoing re-assembly during the degradation, whereas cationic SCKs maintained the micellar structures because of the crosslinking of the shell domain[@b38]. The degradation study demonstrated that PPE-based cationic nanoparticles degraded in days and lost the cationic feature rapidly.

The degradation rates of zwitterionic nanoparticles, which maintained their sizes for 2--4 weeks, were between those of anionic and cationic nanoparticles ([Figure S4](#s1){ref-type="supplementary-material"}). The degradation of PPE-based nanoparticles is due to the cleavage of phosphoester linkages. In pH 7.4 and pH 5.0 buffers, the phosphorus atom may be attacked by nucleophiles, like hydroxide or amine. More deprotonated amine groups on the nanoparticles would result in faster degradation rate.

The degradation studies of non-ionic, anionic, cationic and zwitterionic micelles and SCKs demonstrated the higher stability of SCKs. For the PPE-based nanoparticles, the one with amine groups degraded much faster than did the others. Anionic and zwitterionic nanoparticles would be stable in buffers for several weeks without dramatic changes in nanoparticle sizes. The zeta potentials of all nanoparticles decreased to −35 to −45 mV in the time windows of their degradation profiles, days for cationic nanoparticles while weeks for non-ionic, anionic and zwitterionic nanoparticles, indicating the formation of negatively-charged phosphates in place of the phosphoester backbone and side chain linkages. In general, the hydrolytic degradation was slightly faster in pH 7.4 buffer than in pH 5.0 buffer.

Cytotoxicity of PPE-nanoparticles and their degradation products
----------------------------------------------------------------

Because of the broad ranges of chemical compositions and potential biomedical applications that are available for PPE-based nanoparticulate micelles and SCKs, it was important to determine their cytotoxicities and immunotoxicities, with comparisons being made against commercially available vehicles. Therefore, the viabilities and induced cytokine levels of RAW 264.7 mouse macrophages were measured following 24 h incubation with increasing concentrations of the series of neutral, anionic, cationic, and zwitterionic PPE micelles and SCKs, and also against Lipofectamine, polyethyleneimine (PEI), and Cremophor-EL, with comparisons to the control-untreated cells ([Figure 4](#f4){ref-type="fig"}, [Figure S5](#s1){ref-type="supplementary-material"} and [Table 1](#t1){ref-type="table"}). In addition, the degradation products of the entire series of PPE-nanoparticles (both micelles and SCKs) were prepared by incubation in phosphate-buffered saline (PBS) at pH 7.4 and 37°C, with continuous shaking for 20 weeks under aseptic conditions. After complete degradation of the nanoparticles (until no nanoparticles could be detected by dynamic light scattering measurements), the solutions were lyophilized into powders before being tested for their cytotoxicities and immunotoxicities. Lipofectamine, PEI and Cremophor-EL were selected as examples of cationic (Lipofectamine and PEI) and non-ionic (Cremophor-EL) vehicles that are commonly utilized for the delivery of nucleic acids and hydrophobic drugs, respectively.

In general, the neutral (*i.e.* non-ionic) and zwitterionic PPE-based micelles and SCKs were less cytotoxic than Lipofectamine, PEI and Cremophor-EL ([Table 1](#t1){ref-type="table"}). For the anionic PPE-micelles, toxicity was observed at high concentrations (3000 μg/mL). Surprisingly, the cytotoxicity was enhanced upon crosslinking the anionic micelles. This effect might be due to the higher stability of SCKs against degradation (See [Figure S2](#s1){ref-type="supplementary-material"}). Because the degradation products of both the anionic micelles and SCKs have limited toxicity, the faster degradation of micelles into the less-cytotoxic degradation products might explain the lower cytotoxicity of the parent micelles as compared to the parent SCKs. We have previously reported that PPE-based cationic micelles had 6-fold lower cytotoxicity than Lipofectamine[@b17]. In this study, PPE-cationic micelles were found to have 42-fold lower cytotoxicity than PEI. Interestingly, crosslinking of the PPE-cationic micelles yielded SCKs that were not cytotoxic up to a concentration of 3000 μg/mL.

The degradation products of neutral, anionic, cationic and zwitterionic micelles and their crosslinked nanoparticle analogs did not show any toxicity to cells up to a concentration of 3000 μg/mL, which is an indication that the released products after degradation do not have a considerable toxicity to cells. In a previous study, hydrolytic degradation products of monomethyl ether poly(ethylene glycol) (mPEG)-*b*-poly(ethyl ethylene phosphate) micelles were not toxic to cells up to a concentration of 500 μg/mL[@b24]. The PPE nanoparticles developed in the current study can be rapidly synthesized and provide versatile nanostructures (anionic, neutral, cationic or zwitterionic), with control over their surface chemistries to accommodate and deliver anionic, cationic, and/or hydrophobic guest (macro)molecules. In addition, the cytotoxicity data reveal that PPE-based nanoparticulates may have a remarkable safety profile, as compared to commercially-available vectors, and degradable/non-degradable nanoparticles developed previously by our group[@b39][@b40], and by others[@b41][@b42].

Anti-biofouling properties of PPE-nanoparticles
-----------------------------------------------

The anti-biofouling properties of the series of PPE-micelles and SCKs were studied. Briefly, nanoparticles were incubated with a fixed amount of 23 different cytokines, and the apparent concentrations of cytokines were measured using a multiplex assay and compared to a solution treated in the same way but containing no nanoparticles. The lower the apparent measured concentration of free cytokines in the supernatant, the higher the adsorption competencies of the nanoparticles. The adsorption of cytokines was qualitatively assessed by calculating the *p* values, which imply the statistical significance of differences between the treatments and the controls ([Table 2](#t2){ref-type="table"}). Although adsorption of cytokines on nanoparticles has been observed previously[@b43][@b44], it is also possible that nanoparticles may interfere with some of the multiplex assay components (antibodies, beads, *etc.*). The 23 measured cytokines were interleukin (IL)-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12 (P40), IL-12 (P70), IL-13, IL-17, Eotaxin, granulocyte-colony-stimulating factor (G-CSF), granulocyte macrophage-colony-stimulating factor (GM-CSF), interferon-γ (IFN-γ), keratinocyte-derived chemokine (KC), monocyte chemotactic protein (MCP)-1, macrophage inflammatory protein (MIP)-1α, MIP-1β, regulated upon activation normal T-cell expressed and presumably secreted (RANTES) and tumor necrosis factor-α (TNF-α).

Zwitterionic micelles and SCKs had the least adsorption of the cytokines, a phenomenon that is in agreement with literature reports[@b45][@b46][@b47]. The zwitterionic characteristic of nanoparticles is hypothesized to impart anti-biofouling properties by electrostatically binding water molecules more tightly than the hydrogen bonding of water in the case of PEG and, thus, resulting in higher hydration of the corona, which is critical in minimizing protein adsorption and generating stealth properties[@b48]. However, we have reported recently that zwitterionic poly(carboxybetaine) polymeric coating resulted in higher adsorption of cytokines, when compared to PEG, when both PEG and poly(carboxybetaine) were grafted onto poly(acrylic acid)-*b*-poly(~D,L~-lactide)-SCKs[@b49]. Hence, it seems that protein adsorption and interactions between nanomaterials and biomolecules in the surrounding environment depend not only on the polymeric coating, although a critical factor, but also on other characteristics of nanoparticles (composition, size, zeta-potential, presence/absence of crosslinks, type of core materials, *etc.*). The neutral micelles adsorbed low amounts of cytokines. Both anionic and cationic micelles and SCKs adsorbed more cytokines than did the zwitterionic nanoparticles. In particular, the cationic nanoparticles were associated with higher protein adsorption, as compared to the anionic analogs. The cationic carriers are known to have higher capacity for interactions with cells, proteins and biomolecules than neutral and anionic nanoparticles. For instance, Deng *et al.* have demonstrated that modification of the surface charge of polymer-coated gold nanoparticles had a great influence on the protein adsorption competences of the nanoparticles. Consistent with our results, they found that neutral nanoparticles had lower affinity for protein adsorption than did anionic and cationic nanoparticles[@b50].

Immunotoxicities of PPE-micelles and SCKs, and their degradation products
-------------------------------------------------------------------------

Proinflammatory cytokines (*e.g.* IL-1, IL-6 and TNF-α) serve as mediators of inflammatory and immunologic reactions and activate functions of several inflammatory cells during acute inflammatory responses[@b9][@b51]. The immunotoxicities of the PPE micelles, SCKs and their degradation products were studied by incubating RAW 264.7 mouse macrophages with the various formulations (5 μg/mL) for 24 h, followed by measuring the levels of 23 different cytokines using the previously established multiplexing assay ([Figure 5](#f5){ref-type="fig"} and [Tables S1--S4](#s1){ref-type="supplementary-material"})[@b49]. The *in vitro* immunotoxicity, evaluated by the number of induced cytokines, for PPE micelles was highest for cationic micelles (13 cytokines) and decreased according to zwitterionic (7 cytokines) \> neutral (3 cytokines) \> anionic micelles (1 cytokines). For the PPE SCKs, immunotoxicity was also higher for cationic SCKs (12 cytokines) than for anionic SCKs (3 cytokines), whereas the zwitterionic SCKs did not induce the secretions of any of the tested cytokines. These proinflammatory cytokines have been well studied and characterized as participants in the basic inflammatory process and mediators of cellular infiltration[@b52][@b53][@b54][@b55][@b56][@b57]. Degradation products of PPE-micelles and SCKs induced minimal release of the tested cytokines. A similar pattern was observed for the degradation products of the PEBP-*b*-PBYP backbone. Among all the tested formulations and their degradation products, the three nanoparticles which induced the release of most of the tested cytokines were cationic micelles and SCKs and zwitterionic micelles. It is known that cationic carriers interact rapidly and strongly with the membranes of cells and are endocytosed to greater extents than are neutral or anionic carriers. Surprisingly, zwitterionic micelles induced high release of the tested cytokines (7 cytokines, [Figure 5](#f5){ref-type="fig"} and [Table S3](#s1){ref-type="supplementary-material"}). Neutral micelles also induced the release of several cytokines ([Table S4](#s1){ref-type="supplementary-material"}). Remarkably, the induction of cytokines was substantially reduced simply by the introduction of crosslinks within the shells of the zwitterionic micelles.

It has been reported previously that crosslinking can reduce the cytotoxicity and immunotoxicity of polymeric micelle assemblies[@b13][@b14]. Crosslinking of cationic micelles reduced their immunotoxicity ([Table S2](#s1){ref-type="supplementary-material"}). Furthermore, crosslinking of zwitterionic micelles significantly reduced the immunotoxicity of the PPE-nanoparticles ([Table S3](#s1){ref-type="supplementary-material"}). However, there is an observed increase in cytotoxicity and immunotoxicity upon crosslinking anionic PPE-micelles ([Table S1](#s1){ref-type="supplementary-material"}). This effect might be due to the higher stability of the SCKs against degradation (See [Figure S2](#s1){ref-type="supplementary-material"}). Because the degradation products of both the anionic micelles and SCKs have limited immunotoxicity, the faster degradation of the micelles into the less-cytotoxic and -immunotoxic degradation products may explain the lower immunotoxicity of the parent micelles as compared to the parent SCKs. A similar trend was observed in terms of cytotoxicity (*vide supra*, IC~50~ values of 1705 ± 16 *vs.* 761 ± 38 for anionic micelles *vs*. anionic SCKs, respectively, [Table 1](#t1){ref-type="table"}).

Discussion
==========

PPE-based micelles and crosslinked nanoparticles with various surface charges, which have been designed for a variety of biomedical applications (non-ionic, anionic, and zwitterionic surface characteristics for packaging and delivery of therapeutics to treat infectious diseases or cancer, and cationic for delivery of nucleic acids for the treatment of inflammatory diseases or cancer)[@b8][@b18][@b58][@b59][@b60], were constructed using a quick and efficient synthetic strategy, and importantly, demonstrated remarkable differences in terms of cytotoxicity, immunotoxicity, and anti-biofouling properties, as a function of their surface charge characteristics and also with dependence on crosslinking throughout the shell layers. The micelles and their crosslinked analogs demonstrated lower cytotoxicity than several commercially-available vehicles, with crosslinking of the cationic micelles being highly efficient in further reducing the cytotoxicity of the micelles. The key conclusion from this study is that every nanoparticle should be rigorously investigated on individual basis and generalization can be seriously misleading, as the behavior of nanoparticles and their forming polymers differs significantly from one type of nanoparticle to another. In these particular PPE-based degradable nanoparticles, crosslinking has proven to play an important role in controlling stability, cytotoxicity and immunotoxicity of some of the characterized nanoparticles. In particular, zwitterionic micelles and SCKs and their degradation products exhibited exceptional safety profiles, with no cytotoxicity observed up to a concentration of 3000 μg/mL and without adsorbing any of the tested cytokines. In addition, crosslinking of zwitterionic micelles significantly reduced the immunotoxicity, as evidenced from the absence of secretions of any of the 23 cytokines, whereas the micellar counterpart induced the release of 7 cytokines from RAW 264.7 mouse macrophages treated with the nanoparticles. The degradation products of PPE-micelles and their crosslinked analogs were not cytotoxic and induced low immunotoxicity. These nanoparticles are currently being exploited for delivery of various therapeutics (*e.g.* nucleic acids and antimicrobial agents), and for administration *via* various routes, such as inhalational therapy. Moreover, with the convenient ability to tune the surface chemistry, these nanomaterials have the possibility of being expanded into highly complex hierarchically-assembled theranostics[@b40]. Future *in vitro* and *in vivo* characterizations of these nanoparticles and their utilization for delivery of various drugs, and decoration with targeting moieties will broaden their applications in clinical nanomedicine.

Methods
=======

Details of experimental procedures and characterizations are included in the [supporting information](#s1){ref-type="supplementary-material"}.

1. Self-assembly of functional diblock copolymers
-------------------------------------------------

The functional diblock copolymers (5.0 mg) were suspended into nanopure water (1.0 mL) and sonicated for 10 min.

The anionic diblock copolymers (30.0 mg, 0.100 mmol of acrylic acid) were suspended into ultrapure water (6.0 mL) and sonicated for 10 min. After being stirred for 1 h, a clear solution containing the anionic micelles was obtained. To a stirred solution of anionic micelle in a round-bottom flask equipped with a stir bar was added, dropwisely over 10 min, a solution of 2,2′-(ethylenedioxy)bis(ethylamine) (2.2 mg, 0.015 mmol) in ultrapure water (1.0 mL). The solution was allowed to stir for 1 h at room temperature. To this reaction mixture was added dropwisely, *via* a metering pump at the rate of 2 mL/h, a solution of EDCI (9.8 mg, 0.035 mmol) dissolved in ultrapure water (2 mL). The reaction mixture was allowed to stir overnight at room temperature and was then transferred to presoaked dialysis membrane tubes (MWCO *ca*. 6--8 kDa), and dialyzed against nanopure water for 36 h in the cold room (4--8°C) to remove small molecules. Final concentration of anionic SCK solution was adjusted to 2.5 mg/mL by the buffer solution to the desired pH or by ultrapure water. The anionic SCKs solution was lyophilized into powder and kept in the freezer (−20°C) for long term storage before being tested.

The cationic diblock copolymers (30.0 mg, 0.097 mmol of amino group) were suspended into ultrapure water (6.0 mL) and sonicated for 10 min. After being stirred for 1 h, a clear solution containing the cationic micelles was obtained. A solution of the diacid crosslinker (Bis-dPEG®2-acid, 3.0 mg, 0.015 mmol) in ultrapure water (1.0 mL) was added dropwisely to a stirred solution of micelle in a 5-mL vial. The mixture solution was allowed to stir for 1 h at room temperature. To this reaction mixture was added dropwisely, *via* a metering pump at the rate of 2 mL/h, a solution of EDCI (9.8 mg, 0.035 mmol) dissolved in ultrapure water (2 mL). The reaction mixture was allowed to stir overnight at room temperature and was then transferred to presoaked dialysis membrane tubes (MWCO *ca.* 6--8 kDa), and dialyzed against ultrapure water for 36 h in the cold room (4--8°C) to remove small molecules. Final concentration of cationic SCKs was adjusted to 2.5 mg/mL by the buffer solution to the desired pH or by ultrapure water. The cationic SCKs solution was lyophilized into powder and kept in the freeze (−20°C) for the long term storage and transportation before being tested.

The zwitterionic diblock copolymers (30.0 mg, 0.081 mmol of acrylic acid, 0.081 mmol of amino group) were suspended into ultrapure water (6.0 mL) and sonicated for 10 min. After being stirred for 1 h, a clear solution containing the zwitterionic micelles was obtained. To this micelle solution was added dropwisely a solution of EDCI (7.2 mg, 0.027 mmol) dissolved in ultrapure water (2 mL). The reaction mixture was allowed to stir overnight at room temperature and was then transferred to presoaked dialysis membrane tubes (MWCO *ca.* 6--8 kDa), and dialyzed against ultrapure water for 36 h in the cold room (4--8°C) to remove small molecules. Final concentration of zwitterionic SCKs was adjusted to 2.5 mg/mL by the buffer solution to the desired pH or by ultrapure water. The zwitterionic SCKs solution was lyophilized into powder and kept in the freeze (−20°C) for the long term storage and transportation before being tested.

2. Degradation studies
----------------------

In a typical degradation experiment, a solution of nanoparticles (micelles or SCKs) was adjusted to pH 5.0 or pH 7.4 by 150 mM PBS buffer. The mixture solution was incubated in the 37°C shaker. The size, size distribution and zeta potential were measured by Delsa Nano C particle analyzer during the degradation.

For the cytotoxicity and immunotoxicity studies, a solution of nanoparticles (micelles or SCKs, 2.5 mg/mL, 8 mL) was adjusted to pH 7.4 by PBS buffer (12 mM, 2 mL, without NaCl or KCl) and incubated in a shaker at 37°C for 20 weeks. After fully degradation of nanoparticles, the solutions were lyophilized into powder before being tested. For the degradation of PEBP-*b*-PBYP backbone, 10 mg of PEBP-*b*-PBYP backbone was soaked in the pH 2 sodium hydroxide solution and incubated in the 37°C shaker for 20 weeks. After a clear solution was formed, the solution was adjusted to pH 7.0 and lyophilized into powder before being tested.

3. Cytotoxicity assay
---------------------

The cytotoxicity assay has been carried out as reported previously[@b58]. RAW 264.7 (2 × 10^4^ cells/well) mouse macrophages were plated in 96-well plate in Dulbecco\'s Modified Eagle Medium (DMEM) (10% fetal bovine serum and 1% penicillin/streptomycin). Cells were incubated at 37 °C in a humidified atmosphere containing 5% CO~2~ for 24 h to adhere. Then, the medium was replaced with a fresh medium 1-h prior to the addition of 20 μL of the PPE micelles, SCKs and their degradation products, Lipofectamine, PEI and Cremophor-EL to 100 μL of the medium (final concentrations ranged from 0.7--166.7 μg/mL for Lipofectamine and PEI, 20--10,000 μg/mL for Cremophor-EL and 6--3000 μg/mL for PPE formulations). The cells were incubated with the formulations for 24 h and washed once with PBS and 100 μL of the complete media was added to the cells. MTS combined reagent (20 μL) was added to each well (Cell Titer 96® Aqueous Non-Radioactive Cell Proliferation Assay, Promega Co., Madison, WI). The cells were incubated with the reagent for 2 h at 37 °C in a humidified atmosphere containing 5% CO~2~ protected from light. Absorbance was measured at 490 nm using SpectraMax M5 (Molecular Devices Co., Sunnyvale, CA). Cell viability was calculated based on the relative absorbance to the control-untreated cells. The calculation of the IC~50~ values and the statistical analysis were performed using GraphPad Prism four-parameter fit, considering the 0% and 100% cell viabilities are for the control medium (no cells) and cells with no treatment, respectively.

4. Multiplex assay
------------------

The multiplex assay has been performed as reported previously[@b58]. The RAW 264.7 cells were treated with medium (control), PPE micelles, SCKs and their degradation products (5 μg/mL) for 24 h. The supernatants were then collected and centrifuged for 10 min at 13,000 rpm. Serial dilutions of cytokine standards were also prepared in the same diluent utilized for the samples (*i.e.* cell-culture medium). Control, standards and nanoparticle-treated samples (50 μL) were incubated with antibody-conjugated magnetic beads for 30 min in the dark. After washing, the detection antibody was added to the wells and incubated in the dark for 30 min under continuous shaking (300 rpm). After washing, streptavidin-phycoerythrin was added to each well and incubated while protected from light for 10 min under the same shaking conditions. Finally, after several washings and re-suspension in the assay buffer and shaking, the expression of the mouse cytokines, interleukin (IL)-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12 (P40), IL-12 (P70), IL-13, IL-17, Eotaxin, granulocyte-colony-stimulating factor (G-CSF), granulocyte macrophage-colony-stimulating factor (GM-CSF), interferon-γ (IFN-γ), keratinocyte-derived chemokine (KC), monocyte chemotactic protein (MCP)-1, macrophage inflammatory protein (MIP)-1α, MIP-1β, regulated upon activation normal T-cell expressed and presumably secreted (RANTES) and tumor necrosis factor-α (TNF-α) was measured immediately using Bioplex 200 system with HTF and Pro II Wash station (Bio-Rad Laboratories, Inc., Hercules, CA) and the data was analyzed using the Bioplex Data Pro software.

5. Protein adsorption assay
---------------------------

Adsorption of the mouse cytokines, IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12 (P40), IL-12 (P70), IL-13, IL-17, Eotaxin, G-CSF, GM-CSF, IFN-γ, KC, MCP-1, MIP-1α, MIP-1β, RANTES and TNF-α by PPE micelles and SCKs, was measured using a Bioplex 200 system with HTF and Pro II Wash station. Specific concentrations of the standards of each cytokine were determined either in cell culture medium (the same medium used in the multiplex assay section) or when mixed with the various nanoparticles (500 μg/mL) in the same medium, as has been described in the previous section. The values are presented as the ratio of the cytokines in the cytokines/nanoparticles mixture to the solution that contains the same amount of the cytokines but without the nanoparticles.

6. Endotoxin assay
------------------

The endotoxin contents of the various samples were measured by using the Pierce® Limulus Amebocyte Lysate (LAL) Chromogenic Endotoxin Quantitation Kit, according to the manufacturer instructions and as described previously[@b14]. Briefly, all reagents were equilibrated to the room temperature, while the 96-well microplate was maintained at 37°C. To each well, 50 μL of each endotoxin standards, blank (endotoxin-free water), PPE micelles, SCKs and their degradation products was dispensed and the plate was covered and incubated for 5 min at 37°C. Then, 50 μL of LAL was added to each well, gently agitated for 10 seconds and incubated again for 10 min at 37°C, followed by the addition of 100 μL of substrate solution. After gentle agitation and incubation for 6 min at 37°C, 50 μL of 25% acetic acid (stop reagent) was added to each well and the absorbance was measured at 405 nm using SpectraMax M5. The concentration of endotoxin in the standards and samples was determined after constructing a standard curve from the corrected absorbance values.

7. Statistical analysis
-----------------------

Values are presented as mean ± SD of at least three independent experiments. Significance of the differences between two groups was evaluated by Student\'s t test (unpaired) or between more than two groups by one-way ANOVA followed by Tukey\'s multiple comparison tests. Differences between different groups were considered significant for *p* values less than 0.05.
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![Schematic representation of the self-assembly of four amphiphilic diblock copolymers into non-ionic micelle (1), anionic micelle (2), cationic micelle (3) and zwitterionic micelle (4), and the shell-crosslinking of resulting three charged micelle into anionic SCKs (5), cationic SCKs (6) and zwitterionic SCKs (7).\
Adapted and modified with permission from reference[@b17]. Copyright (2013) American Chemical Society.](srep03313-f1){#f1}

![(a), TEM image of **5**, average diameter is 16 ± 3 nm, after counting more than 100 particles. (b), DLS results of **5**: D~h~(intensity) = 25 ± 8 nm, D~h~(volume) = 19 ± 6 nm, D~h~(number) = 16 ± 4 nm, PDI = 0.06. (c), TEM image of **6**, average diameter is 16 ± 4 nm, after counting more than 100 particles. (d), DLS results of **6**: D~h~(intensity) = 23 ± 7 nm, D~h~(volume) = 18 ± 5 nm, D~h~(number) = 15 ± 3 nm, PDI = 0.04. (e), TEM image of **6**, average diameter is 21 ± 5 nm, after counting more than 100 particles. (f), DLS results of **7**: D~h~(intensity) = 55 ±22 nm, D~h~(volume) = 31 ± 12 nm, D~h~(number) = 23 ± 6 nm, PDI = 0.07. All scale bars in TEM images are 100 nm.](srep03313-f2){#f2}

![Zeta potential values of micelles 1, 2, 3, 4 and SCKs 5, 6, 7 in PBS buffer solutions at pH 7.4 and pH 5.0.\
The average values and their standard deviations, from six measurements, are shown.](srep03313-f3){#f3}

![Viability of cells (%) treated with non-ionic-, zwitterionic-, cationic-, anionic-PPE micelles, zwitterionic-, cationic- and anionic-PPE SCKs.\
The values are presented as mean ± SD of at least triplicates. The graphs that present Lipofectamine, PEI, Cremophor-EL, the degradation products of the various PPE-based nanoparticles and various combinations of nanoparticles are in the [Supporting Information](#s1){ref-type="supplementary-material"} ([Figure S5](#s1){ref-type="supplementary-material"}).](srep03313-f4){#f4}

![The number of induced cytokines following treatment of RAW 264.7 mouse macrophages with PPE-micelles and SCKs of various surface charges (non-ionic, cationic, anionic and zwitterionic), and their degradation products at 5 μg/mL for 24 h.\
The 23 measured cytokines were IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12 (P40), IL-12 (P70), IL-13, IL-17, Eotaxin, G-CSF, GM-CSF, IFN-γ, KC, MCP-1, MIP-1α, MIP-1β, RANTES and TNF-α.](srep03313-f5){#f5}

###### The cytotoxicity (IC~50~) of PPE-based micelles and SCKs, and some commonly utilized delivery vehicles, such as, Lipofectamine, PEI and Cremophor-EL in RAW 264.7 mouse macrophages. The cytotoxicity of the degradation products of PPE-nanoparticles and their PEBP-*b*-PBYP backbone are also included. Values are presented as mean ± SD of at least triplicates

  Controls         IC~50~ (μg/mL) ± SD       PPE-Micelles            IC~50~ (μg/mL) ± SD            PPE-SCKs            IC~50~ (μg/mL) ± SD                 PPE-Deg                IC~50~ (μg/mL) ± SD
  --------------- --------------------- ----------------------- ------------------------------ ------------------- ------------------------------ --------------------------- ------------------------------
  Lipofectamine         31.4 ± 6           Anionic micelles               1705 ± 16               Anionic SCKs                761 ± 38               Anionic micelles-Deg      [\*](#t1-fn1){ref-type="fn"}
  PEI                    4.3 ± 1           Cationic micelles               180 ± 48               Cationic SCKs     [\*](#t1-fn1){ref-type="fn"}     Cationic micelles-Deg     [\*](#t1-fn1){ref-type="fn"}
  Cremophor-EL         1700 ± 113        Zwitterionic micelles   [\*](#t1-fn1){ref-type="fn"}   Zwitterionic SCKs   [\*](#t1-fn1){ref-type="fn"}   Zwitterionic micelles-Deg   [\*](#t1-fn1){ref-type="fn"}
                                          Non-ionic micelles     [\*](#t1-fn1){ref-type="fn"}                                                       Non-ionic micelles-Deg     [\*](#t1-fn1){ref-type="fn"}
                                                                                                                                                       Anionic SCKs-Deg        [\*](#t1-fn1){ref-type="fn"}
                                                                                                                                                       Cationic SCKs-Deg       [\*](#t1-fn1){ref-type="fn"}
                                                                                                                                                     Zwitterionic SCKs-Deg     [\*](#t1-fn1){ref-type="fn"}
                                                                                                                                                       PEBP-*b*-PBYP-Deg       [\*](#t1-fn1){ref-type="fn"}

\*The IC~50~ values could not be determined because high cell-viabilities were observed over the range of the tested concentrations, up to 3000 μg/mL.

###### Cytokines adsorption on anionic, cationic, neutral and zwitterionic micelles, and the anionic, cationic and zwitterionic SCKs. The adsorption of cytokines was calculated based on apparent concentrations of cytokines measured when incubated with nanoparticles, as compared to their concentrations in a solution treated in the same way but containing no nanoparticles. The indicated *p* values highlight the significance of differences between the measured concentrations of the treatment and the control, and only cytokines of *p* values less than 0.05 are shown in the table

  Nanoparticles                Adsorbed cytokines   *p* value
  --------------------------- -------------------- -----------
  **Anionic micelles**             IL-12(p40)        0.0002
                                     IL-17            0.002
                                     IFN-γ            0.03
  **Cationic micelles**              IL-1α          0.000009
                                     IL-17           0.00002
                                      IL-4           0.00002
                                     MIP-1β          0.00007
                                      IL-2           0.00008
                                       KC            0.0002
                                   IL-12(p40)        0.0003
                                      IL-9            0.003
                                   IL-12(P70)         0.004
                                     IL-1β            0.005
                                      IL-3            0.01
                                     IFN-γ            0.02
                                     RANTES           0.02
                                     MIP-1α           0.04
  **Zwitterionic micelles**                              
  **Non-ionic micelles**             MIP-1β           0.002
                                      IL-9            0.02
                                     RANTES           0.04
  **Anionic SCKs**                   IL-17            0.003
                                   IL-12(p40)         0.007
                                    Eotaxin           0.04
                                     IL-10            0.04
  **Cationic SCKs**                   IL-2           0.0002
                                     MIP-1β          0.0005
                                   IL-12(p40)        0.0007
                                      IL-9           0.0009
                                       KC            0.0009
                                     IL-1α            0.001
                                   IL-12(p70)         0.004
                                     RANTES           0.005
                                     IL-13            0.01
                                     IL-17            0.01
                                    Eotaxin           0.02
                                      IL-4            0.02
  **Zwitterionic SCKs**            IL-12(p40)         0.001
